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local protein synthesis within either dendrites or axons
(Kang and Schuman, 1996). It is tempting to hypothesize
that local translation of growth cone mRNAs may pro-Summary
vide a dynamic and novel mechanism by which proteins
necessary for changes in growth cone morphologyThe molecular mechanisms that regulate growth cone
could besynthesized within growth cone cytoplasm dur-guidance of dendrite outgrowth remain to be eluci-
ing dendritic arborization.dated. We hypothesized that mRNA localization in de-
This hypothesis suggests several questions regardingndritic growth cones and their local protein synthesis
the localization of mRNA indendritic growth cones. First,may be important for growth cone functioning. The
what is the complexity of themRNA population in growthappearance of 23 of 31 growth cone mRNAs was de-
cones and which types of mRNAsare present or absent?velopmentally regulated. Also, alteration of growth
Second, are all somatic cytoplasmic mRNAs also local-cone morphology affected the relative levels of three
ized within growth cones or is their selectivity to thismRNAs. Finally, using single dendrite transfection, it
localization? Third, do mRNAs appear in growth coneswas shown that local protein synthesis occurs in den-
in a developmentally regulated fashion and does thedrites and growth cones. A heterogeneous population
relative abundance of these mRNAs change during den-of mRNAs exists in dendritic growth cones of cultured
dritic arborization? Also, do alterations in growth conehippocampal neurons whose relative abundances are
morphology affect relative levels of mRNA abundance?developmentally regulated and can vary with changes
Finally, can mRNA within dendrites be locally translatedin growth cone physiology. The demonstration of pro-
into protein? To address these questions, we amplifiedtein synthesis in growth cones suggests that transla-
poly(A) mRNA (Eberwine et al., 1992; Miyashiro et al.,tion of the localized mRNAs may contribute to regula-
1994) from single dendritic growth cones dissected fromtion of growth cone motility and dendrite outgrowth.
cultured embryonic hippocampal neurons (E18) and de-
termined the time course of appearance and the relativeIntroduction
abundance of 31 candidate mRNAs via reverse Northern
blotting. The strategy for selecting these particularThe elaboration of dendritic arbors by neocortical and
mRNAs was to provide a representation of mRNAs thathippocampal neurons is a dynamic process that begins
encode cytoskeletal elements, synthetic enzymes, andafter neurons have migrated to their appropriate cortical
neurotrophic factor receptors that are relevant to growthlayer (Paldino and Purpura, 1979) and results in the for-
cone mobility and dendritic outgrowth. However, be-mation of appropriate synaptic connections. Growth
cause utilizing a candidate gene approach inherentlycones are expansile and contractile organelles ex-
limits the number of identifiable mRNAs, differential dis-tending from the distal tips of dendrites (and axons) that
plays were generated from individual growth cones atdirect dendrites or axons to their appropriate targets
each time point in culture and analyzed using a novel(Lankford et al., 1990; Tanaka and Sabry, 1995). Exten-
hybridization approach, to gain a broad view of the com-sion, collapse, and directional turning of growth cones
plexity of mRNA populations in dendritic growth cones.in vitro is directly influenced by a variety of signals in-
Then, since growth cone morphology changes continu-cluding Ca21 influx and extracellular matrix molecules
ally during process outgrowth, often in response to Ca21(reviewed by Goodman and Shatz, 1993 and Jessel,
influx, we quantified changes in mRNA abundance in1988; Kater and Mills, 1991; Raper and Kapfhammer,
growth cones treated with the Ca21 ionophore A231871990). However, while much work has focused on the
to determine whether the relative abundance of growthcellular biology of axonal growth cones, the molecular
cone mRNAs is affected by acute morphologic alter-mechanisms that regulate growth cone motility during
ation. Finally, we present immunohistochemical datadendritic arborization and in response to these signals
that demonstrates local protein synthesis in single den-remains to beelucidated. While many proteins important
drites and dendritic growth cones that were individuallyfor dendritic outgrowth are transported to dendrites and
transfected with a reporter-tagged mRNA.growth cones, the identification of mRNAs encoding
microtubule associated protein 2 (MAP2; Caceres et al.,
1984; Davis et al., 1987; Garner et al., 1988), the a subunit Results
of Ca21/calmodulin-dependent protein kinase II (CaM-
KII; Burgin et al., 1990; Miyashiro et al., 1994), brain- Immunohistochemical Characterization of
Hippocampal Neurons and Growth Conesderived neurotrophic factor (BDNF; Dugich-Djordjevic
et al., 1992), activity-regulated cytoskeleton associated To phenotypically characterize the cultured hippocam-
pal neurons used in these studies, several cytoskeletalprotein (ARC; Lyford et al., 1995), and several glutamate
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proteins were immunohistochemically identified in cell by reverse Northern blotting using 31 candidate cDNAs
bodies and growth cones of these neurons at 48 hr in (Figure 3; Figure 4). The relative abundance of each
culture (Figures 1A–1F). MAP2 immunolabeling, which growth cone mRNA was achieved by expressing hybrid-
has been previously used as a dendritic marker (Dotti ization intensity for each cDNA–aRNA hybrid as a per-
et al., 1988), was prominent within the cell body and centage of CaMKII hybridization intensity (set arbitrarily
in fibers that exhibited a thick caliber and numerous at 100%), which served as an internal standard. Because
branches (Figures 1A and 1B). This labeling pattern cor- of the quantitative nature of aRNA amplification demon-
roborated morphologic characteristics (see below) that strated in whole neurons and neuritic processes (Eber-
discerned dendrites from axons in nonlabeled neurons wine et al., 1992; Miyashiro et al., 1994), levels of hybrid-
used for mRNA analysis at 48 and 72 hr in culture, while ization intensity reflect relative abundance of individual
at 6 hr, delineation into dendritic and axonal domains mRNAs. Levels of hybridization intensity for each cDNA–
was less clear cut (Baas et al., 1989). At 24 hr in culture, aRNA hybrid were deemed high if >75%, medium if
dendrites were defined morphologically by caliber thick- between 50% and 75%, and low if <50% of CaMKII
ness and branching pattern. The intermediate filament intensity. CaMKII was chosen as an internal standard
proteins a internexin (INX; Fliegner et al., 1994; Figure because it exhibited consistent hybridization intensity
1C) and nestin (Lendahl et al., 1990; Figures 1D and 1E) at each time point analyzed and, from a biological per-
were also identified in cell bodies, axons, and dendrites. spective, has been previously identified in dendrites
In contrast, neurons were immunoreactive for GAP43 (Burgin et al., 1990).
throughout the cell bodies and axons (Figure 1F). There was a heterogeneous population of mRNAs de-
GAP43-labeled fibers exhibited a thin caliber and few tected in growth cones at each time point analyzed
branches. MAP2, a INX, and nestin immunolabeling, ex- (Figures 3 and 4). In general, the array of mRNAs identi-
clusive of GAP43 staining, were characteristic of den- fied by reverse Northern blotting became more complex
dritic growth cones. The immunohistochemical identifi- as cell maturation and process elongation proceeded
cation and characterization of MAP2, nestin, INX, and from 6 to 72 hr. Thus, while a few candidate mRNAs
GAP43 in these dissociated cultured hippocampal neu- were detected at 6 hr in culture, many more were present
rons suggested that the developmental phenotype of
at 72 hr. In addition, the hybridization intensities, which
these cells was similar to hippocampal neurons in whole
are reflective of the relative abundance of these mRNAs,
brain slices corresponding to late embryonic and early
also fluctuated at each time point. For comparison, the
postnatal stages (Johnson and Jope, 1992; Kaplan et
presence of candidate mRNAs in the cell bodies of atal., 1990; Hockfield and McKay, 1985).
least three cells from which growth cones had been
harvested were determined at each time point (see Ex-Identification and Dissection of Dendritic
perimental Procedures).Growth Cones
At 6 hr in culture, detectable levels of several candi-The use of low density cultures greatly facilitated visual-
date mRNAs were noted within individual growth conesization of individual growth cones with phase contrast
(Figures 3 and 4). Relative to CaMKII, messages exhib-microscopy. Growth cones extending from the distal
iting highest levels of hybridization intensity at this timetips of the apical dendritic arbor of cells exhibiting a
point were GAD65, nestin, trkA, and low molecularpyramidal morphology were dissected and aspirated at
weight neurofilament (NFL). Medium abundance mes-6, 24, 48, and 72 hr in culture (Figure 2). By 48–72 hr,
sages included connexin 26 (CX26) and Ca-L. The a3many dendrites from which growth cones were removed
subunit of the GABA-A receptor, NGFR, and INX wereextended several branches. After 72 hr in culture, den-
identified at low levels. Undetectable in growth conesdrites and axons begin to make synaptic connections
at 6 hr in culture were mRNAs encoding MAP2, GAP43,and the number of growth cones substantially dimin-
trkB, trkC, NT3, netrin-1, connexin 32 (CX32), NOS,ishes. Growth cones were severed at theirmost proximal
BDNF, and Ca-N. Furthermore, mRNAs encoding PDGF,attachment to dendrites (Figure 2). Apical dendritic
PKC, bFGF, KV1, and NT4 were not detected in growthgrowth cones that were harvested were distant (>50 mm)
cones at any time point. However, all of these mRNAsfrom other cell bodies or their processes. Because of
were present in cell bodies from which these growththe protean morphologies of growth cones at various
cones were removed at 6–72 hr (n 5 3). In contrast, thestages of extension and collapse, the samples that were
a 2, 5, and 6 subunits of the GABA-A receptor were notharvested at each timepoint exhibited broadened lamel-
detected in cell bodies or growth cones at 6 hr in culture.lipodia and filopodial extension and were of the same
By 24 hr in culture, the length of dendritic arbors hadsize. When aspirated, the approximate size of individual
increased, although few branches had sprouted andgrowth cones was 2–4 mm. In addition, growth cones
statistically significant changes in the relative levels ofwere harvested from dendrites of the same length from
several mRNAs were observed within individual growththe soma at each time point. Thus, growth cones aspi-
cones (Figure 3). For example, Ca-L and INX mRNA wererated were between 22 and 26 mm, 27 and 33 mm, 34
relatively more abundant at 24 hr than at 6 hr in culture.and 37 mm, and 38 and 42 mm from the cell body at 6,
BDNF and netrin-1, and ARC and CX32 mRNAs were24, 48, and 72 hr in culture, respectively, as determined
first detected at 24 hr at low and medium hybridizationwith a glass micrometer.
intensities, respectively. Significant changes in relative
levels of other mRNAs were not observed and all mRNAsDifferential Developmental Expression of Multiple
detected in growth cones at 6 hr in culture were alsomRNAs in Individual Growth Cones
identified at 24 hr. Similarly, all mRNAs identified inExpression profiles of six individual growth cones aspi-
rated at 6, 24, 48, and 72 hr in culture were generated growth cones were detected in cell bodies (n 5 3) at
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Figure 1. Immunohistochemical Labeling of Neurons at 48 Hr in Culture
In (A)–(E), labeling is clearly visible within dendrites and/or growth cones (arrows).
(A and B) MAP 2.
(C) Internexin.
(D and E) Nestin.
In (F) GAP43 labeling is confined to cell body, with rare thin caliber processes (axons) labeled. Scale bar, 30 mm.
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Figure 2. Harvesting of Individual Dendritic
Growth Cones
(A) Schematic of microdissection and aspira-
tion of dendritic growth cones.
(B) Apical dendritic growth cone (arrow) on
hippocampal neuron at 24 hr in culture.
(C) Same neuron, after dissection and aspira-
tion of growth cone (arrow). Scale bar, 10 mm.
this time. Except for the appearance of the a2 subunit long apical dendrites that extended several branched
arbors. Many of the neurons at this time point had begunof the GABA receptor mRNA in cell bodies but not in
growth cones at 24 hr, mRNAs not detected in cell bod- to make contact with surrounding cells, so only neurons
that were separate from adjacent neurons were chosenies at 6 hr remained undetectable at 24 hr.
After 48 hr in culture, hippocampal neurons extended for analysis. In these cells, GAD65, nestin, NFM, MAP2,
ARC, trkB, trkC, NT3, netrin-1, and a3 hybridization in-moderate-sized apical dendrites, and early branches
had begun to grow. There was a decrease in the relative tensities were significantly higher than at 48 hr. In con-
trast, GAP43 and CX26 abundances diminished. Theabundance of GAD65, nestin, trkA, Ca-L, and INX mRNA
levels after 48 hr compared with 24 hr in culture. In relative abundance of all other mRNAs detected at 48
hr did not change. Newly identified growth cone mRNAscontrast, BDNF and NGFR hybridization intensity in-
creased significantly between 24 and 48 hr. Several at 72 hr included the a2 GABA-A receptor subunit, NOS,
and Ca-N. In contrast, the a5 GABA-A receptor subunitmRNAs were identified for the first time in growth cones
at 48 hr including MAP2, GAP43, and NFM (medium was not detected in growth cones and the a6 GABA-A
receptor subunit was not detected in cell bodies orabundance), trkB, trkC, and neurotrophin 3 (low hybrid-
ization intensity), while many, such as the a 2, 5, and 6 growth cones by 72 hr in culture.
In several cells at both 48 and 72 hr in culture, twosubunits of the GABA-A receptor, NT4, NOS, and Ca-N
mRNAs remained undetectable. All mRNAs present in to three growth cones were harvested from dendritic
branches of the same cell in an effort to assess whethergrowth cones at 48 hr were identified in cell bodies
from which growth cones had been harvested (n 5 3). mRNAs present in one growth cone would also be pres-
ent in other growth cones from the same cell. The pres-Conversely, mRNA encoding the a5 subunit of the
GABA-A receptor and Ca-N were first detected in cell ence and relative abundances of individual mRNAs was
quite consistent between dendritic growth cones suchbodies but not growth cones at this time point.
After 72 hr in culture, most hippocampal neurons had that mRNAs not detected in one growth cone were also
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Figure 3. Time Course of mRNA Detection in
Dendritic Growth Cones from 6 to 72 Hours
in Culture
Top, schematic of neuronal/dendritic mor-
phology at time of analysis (hours in culture).
Note appearance of basal processes and
dendritic branches from 6 to 72 hr. Bottom,
expression profiles and changes in relative
hybridization intensity of individual mRNAs
from 6 to 72 hr (n 5 6 growth cones per time
point). Relative hybridization intensity per-
centages for each mRNA are reported relative
to CaMKII hybridization intensity at that time
point. The relative abundance of some
mRNAs remained static during process out-
growth (CX32), while increases (a3, trkB) or
decreases (CX26, GAP43) were noted in oth-
ers. Note also time course of appearance for
several mRNAs that are detected first at 6,
24, 48, and 72 hr in culture. Change in relative
levels of abundance are statistically signifi-
cant (one way ANOVA, p < 0.05).
not identified in additional growth cones and those pres- Differential Display of Amplified Growth
Cone mRNAsent in one were detected in others from the same cell.
Expression profiles at each time point in culturerevealed
a heterogeneous population of mRNAs in dendritic
Nestin PCR growth cones. However, one limitation of using a candi-
The intermediate filament protein nestin appears tran- date cDNA approach is that only a small number of
siently in neuroepithelial cells (Lendahl et al., 1990), but mRNAs present in growth cones are assayed. Thus, to
then nestin mRNA and protein expression diminishes at characterize further the complexity of the mRNA popula-
the onset of neuronal differentiation when INX and other tions in growth cones, differential displays were gener-
neurofilament mRNA and protein levels increase (Kaplan ated from aRNA (converted into double-stranded cDNA
et al., 1990). Thus, to confirm the identity of nestin in templates) amplified from growth cones and cell bodies
growth cones, the polymerase chain reaction (PCR) was (from which these growth cones were harvested) at each
performed on double-stranded template second round time point using 8–11 distinct NN-oligo-dT(11) 39-prim-
cDNA generated from growth cone poly(A) mRNA at 6, ers and one polymorphic 59-primer (Miyashiro et al.,
24, 48, and 72 hr in culture. Specific primers recognizing 1994). Distinct differential display arrays were observed
a 490-bp portionof the 39-proteincoding region of nestin at 6, 24, 48, and 72 hr in culture for cell bodies and
mRNA were used to amplify nestin mRNA. Nestin PCR growth cones. Interestingly, the complexity of the band-
products of appropriate size (490 bp) were amplified ing patterns reproducibly increased from 6 to 72 hr in
from each growth cone. Further verification of these culture, suggesting that the array of growth cone mRNAs
products was obtained by Southern blotting and hybrid- increased at progressive stages of development (data
not shown). This finding corroborated expression profileization with radiolabeled rat nestin cDNA.
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Figure 4. Expression Profiling of Gross
Counts
Top, representative slot blots from growth
cones at6 and72 hr demonstrating hybridiza-
tion intensities of several mRNAs. Note con-
sistent CaMKII hybridization intensity. A1/D1,
CAMKII; A2/D2, nestin; A3/D3, CX26; B1/E1,
GAD65; B2/E2, NFL; B3/E3; ARC; C1/F1,
BDNF; C2/F2, trkB; C3/F3, trkC. Open arrow
reflects background hybridization to pBlue-
script plasmid cDNA. Bottom, statistical re-
sults showing mean (standard error) of rela-
tive abundance for each mRNA at 6–72 hr in
culture.
data that demonstrated an increase in the number of display products or known cDNAs to facilitate identifica-
tion of individual bands prior to selection for sequencing.candidate mRNAs detected with progressive dendrite
outgrowth and cellular maturation (Figures 3 and 4). Hybridization of radiolabeled probes to the differential
display products served as a rapid means to identifyingFurthermore, thebanding patterns in growth cones were
distinct from those observed in cell bodies from which select candidate mRNAs (versus artifactual bands) and
sequences differentially expressed between the cellthe growth cones were harvested. This finding sup-
ported expression profile data that also suggested that body and growth cone of the same cells.
Differential display blots generated from growththe abundances of mRNAs in growth cones differed
from cell bodies at similar times during development. cones at 48 hr in culture were probed with radiolabeled
ARC cDNA that was identified in growth cones via ex-mRNAs amplified by differential display require further
characterization, e.g., subcloning and sequencing, to pression profiling (Lyford et al., 1995). Radiolabeled ARC
cDNA hybridized toseveral differential display products,delineate real versus artifactual PCR products. Arti-
factual bands arising as a result of primer–dimer combi- including one generated with 59- and 39-primers comple-
mentary to sequences within a 551-bp stretch of thenations or other PCR amplification errors can signifi-
cantly complicate interpretation of differential display ARC 39- untranslated region (Figure 5). A fragment of
nylon membrane containing the ARC hybrid band waspatterns and result in selecting bands for characteriza-
tion that are not real gene products. Thus, we developed dissected from the blot and amplified with PCR. The
551-bp product was Southern blotted to nylon mem-a new methodology in which differential display prod-
ucts were electrophoretically transferred from polyacryl- branes and reprobed with radiolabeled ARC cDNA. Hy-
bridization of radiolabeled ARC to the PCR product veri-amide gel to nylon membrane using the GeneSweep
TE90 sequencing gel transfer unit (Hoefer Scientific In- fied its identity. In a similar set of experiments, nestin
and GAD65 radiolabeled cDNAs were used to probestruments, San Francisco, CA; see Experimental Proce-
dures) and then probed with radiolabeled differential differential display blots generated from growth cones
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chose to assess the collapsing effects of A23187 on
mRNA levels in neurons at 48 hr in culture, because the
dendritic and axonal subcellular domains have effec-
tively polarized and dendritic growth cones can be de-
fined with certainty. In addition, several different mRNAs
were present at this time point to assay. A23187 was
dissolved in dimethyl sulfoxide (DMSO) and added to
cultured neurons (final concentration 0.75 mM as de-
scribed in Rehder and Kater, 1992). There was a dra-
matic change in the morphology of many growth cones,
including filopodial retraction, lamellipodial rounding,
and collapse (nearly 70% of the growth cones per 403
high power field exhibited some morphologic change)
after 10–15 min of A23187 exposure. Exposure of growth
cones to DMSO alone had no morphologic effects.
Growth cones exhibiting a rounded retracted appear-
ance were selected for analysis and were aspirated into
recording microelectrodes containing reagents for
Figure 5. Probing Transferred Differential Display Products (Blots) cDNA synthesis.
with Radiolabeled cDNA Relative levels of trkA and nestin mRNA were in-
(A) Differential display generatedfrom hippocampal dendritic growth creased significantly by exposure to A23187 (n 5 6)
cones showing bands amplified with a single 59-primer and three
when compared with untreated fully extended growthrepresentative 39-primers (lanes 1–3) incorporating radiolabel. Lane
cones (n 5 6). Levels of trkA hybridization increased2 was generated with a combination of 59- and 39-primers closely
1.5-fold following A23187, while nestin hybridization in-homologous to sequences within ARC 39-UTR (Lyford et al., 1995).
(B) Differential display products generated from growth cones with tensity nearly doubled and increased from medium in-
same primers as in (A) without radiolabel, after transfer to nylon tensity to high intensity similar to prior levels at 6 and
membrane and probing with 32P radiolabeled ARC cDNA. One band 24 hr. In untreated growth cones, Ca-N mRNA was not
(arrows) was detected in radiolabeled differential display (A) and
detectable until 72 hr in culture. However, followingprobed blot (B) in lane 2. PCR of this band from the blot generated
A23187 treatment at 48 hr in culture, Ca-N mRNA exhib-a product of z500 bp that was determined to be ARC.
ited medium hybridization intensities. Changes in the
hybridization intensities of other mRNAs were not ob-
and cell bodies. Hybridization to bands in growth cone served. Although nestin mRNA abundance decreased
and cell body lanes generated with 39-primers comple- at 48 hr (compared with 24 hr) inuntreated growth cones,
mentary to sequences within the 39-UTR of GAD65 and changes in nestin levels were specific, since other
nestin was detected and further supported the results mRNAs such as GAD65, Ca-L, and INX, whose relative
from slot blot analysis. abundance had also diminished between 24 and 48 hr,
In an attempt to identify differentially displayed were not affected (did not increase) by A23187.
mRNAs that were selectively enriched in growth cones,
differential displays were generated simultaneously
from growth cones and cell bodies of the same neurons. Local Translation of mRNA within Dendrites
One mechanism by which the regulated localization ofThese arrays were probed with random primed radiola-
beled growth cone differential display products. Numer- mRNA could influence neuronal function would be the
local synthesis of protein from these mRNAs. To addressous bands exhibited hybridization to both growth cone
and cell body differential display products in the transfer this question, neurons at 48 or 72 hr in culture were
used to assay for the ability of individual dendrites andblot and thereby identified bands (mRNAs) common to
growth cones and cell bodies (data not shown). Hybrid- growth cones to locally translate mRNA into protein.
Experimentally, neuronal cell bodies were mechanicallyization to several bands in growth cone but not cell body
lanes from which these growth cones were harvested transected from their dendrites with recording micro-
electrodes and then aspirated into the electrode. Tran-was noted and likely reflected differences in the relative
abundance of these mRNAs (increases) in the growth sected dendrites remained attached to the culture dish
and were treated with BDNF or NT3 to stimulate proteincone versus cell body mRNA populations. Nylon mem-
brane fragments containing these bands were cut from synthesis (Kang and Schuman, 1996). These individual
dendrites and growth cones were transfected withthe blot and amplified with PCR. Further characteriza-
tion of these sequences is in progress (P. B. C. and c-myc sequence-tagged glycogen synthase kinase
mRNA (GSK–myc; see Experimental Procedures), whichJ. E., unpublished data). This methodology permits rapid
identification of mRNAs present within complex popula- was complexed with the carrier lipid DOSPER (Boeh-
ringer Mannheim). This lipid–mRNA complex was locallytions identified by differential display.
applied to individual dendrites through a second patch
pipette. Myc-epitope expression, which can only be de-Alterations in Dendritic Growth Cone mRNA
Levels in Response to A23187 tected if the GSK–myc mRNA is translated, was as-
sessed by immunohistochemistry between 1 and 5 hrThe Ca21 ionophore A23187 induces rapid collapse of
growth cones in vitro (see Kater and Mills, 1991). We after addition of the lipid–mRNA complex to the cultures.
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Longer transfections were associated with a greater de- cones at distinct time points. These results show regu-
lated transport of mRNAs into dendrites and dendriticgree of neurotoxicity, although GSK–myc immunoreac-
tivity was demonstrated in a few neurons after a 24 hr growth cones during outgrowth. Third, some mRNAs
are specifically enriched in growth cones relative to theexposure to the lipid–mRNA complex.
Several transected dendrites and growth cones at 48 somatic cytoplasm. Fourth, alterations in growth cone
morphology can change the relative abundance of cer-and 72 hr were GSK–myc immunoreactive following
lipid–mRNA transfection and neurotrophin administra- tain mRNAs. Finally, we demonstrate that mRNA may
be locally translated into protein in individual dendritestion (Figure 6). Staining appeared uniform throughout
the dendrite and growth cone. Because a small amount and dendritic growth cones.
The array of detectable mRNAs within growth conesof lipid–mRNA was applied to localized regions of the
coverslip over the dendrites, only a few adjacent cells became increasingly more complex at each stage of
dendritic outgrowth. Thus, CaMKII, trkA, NGFR, NFL,were transfected and myc immunoreactive (Figure 6).
Indeed, on the opposite side of the coverslip, where no GAD65, and nestin mRNAs were present in growth
cones at all time points, while BDNF, MAP2, and Ca-Nlipids were applied, no immmunoreactivity was de-
tected. In cells treated with BDNF or NT3, transfection mRNA were first detected at 24, 48, and 72 hr, respec-
tively. Interestingly, many of the mRNAs that appearedwith lipid–tRNA complex (no GSK–myc mRNA) were
negative for myc-staining (Figure 7). When phosphate in growth cones at 48 or 72 hr in culture were identified
at earlier time points in cell bodies. In contrast, certainbuffered saline (PBS) is substituted for the myc-antibod-
ies, there was no immunoreactivity showing that the mRNAs, such as PDGF, PKC, bFGF, NT4, and KV1, were
not detected in growth cones at any time point despitesecondary antibody and DAB reactions were not non-
specifically reacting with the dendrites. Additional trans- detection in cell bodies suggesting that some mRNAs
are excluded from the dendritic domain. Despite thefection controls (Figure 7) included the following: first,
using lipids complexed with antisense GSK–myc mRNA; protean morphologies of growth cones, our strict mor-
phometric criteria for growth cone aspiration, includingsecond, pretreatment of the lipid–GSK-myc mRNA com-
plex with bovine RNAse for 30 min at 378 prior to trans- distance from other cells, dendrite length, caliber, and
size of the individual growth cone, permitted a well de-fection; and third, neutralization of sense GSK–myc
mRNA by hybridization of its antisense mRNA prior to fined population to beharvested for analysis.These data
support developmentally regulated transport of poly(A)complexing with lipids. All of these controls were nega-
tive for myc immunoreactivity. Finally, neurons pre- mRNA into dendritic processes perhaps in association
with microtubules (Davis et al., 1987; Bassell et al., 1994)treated with the protein synthesis inhibitor, cyclohexa-
mide (30 mM),which were transfected with the GSK–myc and/or specific RNA binding proteins (Eberwine et al.,
1995), and argue against the possibility that mRNAsmRNA were negative for myc immunoreactivity. In toto,
these experiments show that individual isolated den- within the somatodendritic cytoplasm are passively
drawn outward as nascent dendrites extended from thedrites and growth cones can locally synthesize protein
from mRNA. cell body. One important implication for these results
is that comparative analysis of 39-untranslated regions
within localized mRNAs may yield clues to consensus
Discussion sequences or secondary structures such as stem-loop
configurations, which serve to target selected mRNAs
In contrast to the mature dendrite, the dendritic growth to growth cones. Finally, many of the mRNAs that were
cone is a dynamic and motile subcellular domain that present in growth cones at 72 hr in culture have been
navigates a pathway for dendritic arbors into the neu- identified in mature dendrites (J. E. and K. Miyashiro,
ropil. The possibility that necessary materials for local unpublished data), suggesting that these mRNAs may
protein synthesis may be present in growth cones has be important for synaptogenesis, maintenance of fully
had little experimental support. While previous work has arborized mature dendrites, and/or synaptic plasticity.
identified several mRNAs in mature dendrites (see Intro- A central question that arises directly from these re-
duction), there has been little evidence to demonstrate sults is how proteins synthesized in dendrites and
mRNAs in dendritic growth cones. We have utilized ex- growth cones contribute to cellular function. We demon-
pression profiling and differential display to define the strate that mRNA transfected into dendrites separated
relative abundance of a representative population of from their cell body can be translated into immuno-
31 mRNAs within single hippocampal dendritic growth histochemically detectable protein. By removing the cell
cones inculture at several timepoints. Several important body from the dendrite, we can conclusively state that
conclusions may be drawn from these analyses. First, GSK–myc protein must have been translated within the
a wide variety of mRNA species may be detected at dendrite. The control experiments demonstrate that the
each stage of dendritic outgrowth, including neuro- immunoreactivity was specific, since antibody applied
trophic factor receptors, cytoskeletal elements, and to nontransfected neurons did not yield staining, re-
synthetic enzymes. However, not every mRNA assayed moval of mRNA with RNAse abolished labeling, anti-
was present, despite detection in cell bodies suggesting sense or double-stranded mRNAs were not translated,
that some form of targeting signal directs select mRNAs and a protein synthesis inhibitor blocked the appear-
into the dendritic and growth cone milieu. Second, the ance of staining. Taken together, these experiments
appearance of many mRNAs is developmentally regu- demonstrate that protein synthesis is feasible within re-
stricted subcellular domains such as dendrites andlated, that is, mRNAs become detectable in growth
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Figure 6. Protein Synthesis in Individual Isolated Dendrites and Growth Cones
Single transected dendrite and growth cone under phase contrast (A and C) and their corresponding bright field images (B and D) at 48 hr
in culture showing c-myc immunoreactivity following lipid:GSK–myc mRNA transfection. DAB staining reflects local synthesis of GSK–myc
fusion protein in the absence of somatic translational machinery. In the phase images (A and C), several neurons can be visualized, while
only single dendrites/growth cones are labeled with DAB (images B and D). Note staining throughout the dendrite and at the tip (arrow). Two
adjacent dendrites are labeled (E, arrows). In (F), a single intact neuron transfected with GSK mRNA. Scale bar, 20 mm (A–E); 10 mm (F).
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growth cones. Several other lines of evidence support growth cones does not occur. Indirect evidence in sup-
port of this hypothesis is that PKC phosphorylateslocal protein synthesis in dendrites. For example, com-
ponents of the translational machinery, such as polyri- GAP43 and PKC mRNA were never detected in dendritic
growth cones, whereas CaMKII mRNA (and protein),bosomes subjacent to dendritic spines, have been visu-
alized by electron microscopy (Steward and Falk, 1986). which phosphorylates MAP2 butnot GAP43, was always
a high abundance message. These data support theRibosomal RNA and elongation factor 1a have been
detected in dendrites and growth cones (Steward and hypothesis that nascent neuronal processes maintain
pluripotency for differentiation into dendrites or axonsBanker, 1992; Bassell et al., 1994; Miyashiro et al., 1994)
and mRNAs complex with polyribosomes in isolated but at a critical time point, a mature axonal or dendritic
phenotype is decided (Dotti et al., 1988). Thus, eithersynaptodendrosome preparations (I. J. Weiler, unpub-
lished data). Recently, induction of synaptic plasticity the selective subcellular enrichment of mRNAs in future
dendrites (Miyashiro et al., 1994) or the selective exclu-by BDNF and NT3 in a hippocampal slice preparation
was shown to require local protein synthesis in dendrites sion of many mRNAs from future axons (Mohr et al.,
1991) may also be critical to neuronal polarization, sinceor axons (Kang and Schuman, 1996). These data are
consistent with previous work suggesting that post-syn- local translation of these mRNAs may generate proteins
that define the dendritic subcellular domain early in de-aptic protein synthesis is enhanced by glutamate (Weiler
and Greenough, 1993; Weiler et al., 1994). Local protein velopment.
GABA may serve a neurotrophic function by promot-synthesis within dendrites and growth cones may have
important implications for studies of dendritic arboriza- ing neurite extension and inducing synaptogenesis
(Kater and Guthrie, 1990). In isolated growth cone sub-tion during development and of plasticity in response
to brain injury. Since growth cones are present only cellular fractions, GABA uptake is via a high affinity
sodium-dependent mechanism (for review, see Lock-transiently during neuronal development, local protein
synthesis of growth cone mRNAs may be vital to den- erbie, 1990) and release can be induced by Ca21-depen-
dent potassium-induced depolarization (Taylor anddritic outgrowth and the formation of appropriate synap-
tic connections during a limited but critical time period. Gordon-Weeks, 1989). Thus, the detection of mRNA en-
coding GAD65 as well as GABA-A receptor subunits inConsistent differences in growth cone mRNA relative
levels at distinct time points may also imply develop- growth cones supports a role for GABA in growth cone
mobility and process outgrowth. Local translation ofmental regulation of growth cone mRNA translation.
While it is unlikely that protein synthesis in growth cones GAD65 mRNA in growth cones may regulate synthesis
of a releasable pool of GABA in growth cones, whichoccurs to a greater extent than in the cell body, transla-
tion of growth cone mRNAs that arrive at distinct devel- may serve as a chemoattractant for axons. Conversely,
synthesis of GABA-A receptor subunits may occur bothopmental epochs could generate proteins important for
navigation and pathfinding in response to extracellular in growth cones and the cell body, since mRNA-encod-
ing GABA-A receptor subunits have been identified inmatrix cues (Kuhn et al., 1995; for review, see Tanaka
and Sabry, 1995) as well as extension and collapse of the embryonic and postnatal rat hippocampus (Laurie
et al., 1992; Poulter et al., 1993) and in growth cones ofgrowth cones at different stages of process outgrowth.
In our system, growth cones begin to make contact with cortical neurons by in situ hybridization (Poulter et al.,
1994, Soc. Neurosci., abstract). Indeed, the identifica-other neurons after 72 hr and, thus, mRNAs present
in dendritic growth cones may also contribute to the tion of the a 2, 3, and 5 receptor subunit mRNAs in
hippocampal growth cones and cell bodies approxi-functional transition from pathfinding to specialization
into postsynaptic terminals. mated their developmental expression determined by
in situ hybridization (Laurie et al., 1992). Individual GABAHippocampal neurons initially extend several pro-
cesses in culture that are pluripotent and can become receptor subunits may be synthesized in growth cones
and combine with other subunits synthesized in the celleither dendrites or axons (Dotti et al., 1988). Eventually,
one process becomes an axon, while those remaining body to form an intact receptor.
mRNA-encoding neurotrophic factors or their recep-become dendrites. These changes are reflected by alter-
ations in orientation of cytoskeletal proteins such as tors have been identified by in situ hybridization in hip-
pocampal neurons (Ringstedt et al., 1993; see Lindsaytubulin (Baas et al., 1989), MAP2, and tau. While the
parcellation of neurons into dendritic and axonal do- et al., 1994), but we report differential localization of
neurotrophic factor and receptor mRNAs in singlemains during development may result from differential
enrichment of certain proteins, the appearance of growth cones. NGFR and trkA were present at 6 hr in
culture, netrin-1 and BDNF were detected at 24 hr, andmRNAs in growth cones at 6, 24, 48, and 72 hr supports
the notion that even in nascent stages of process out- trkB, trkC, and NT3 were identified at 48 hr. NGFR and
trkA, trkB, and trkC are involved in process outgrowthgrowth, the localization of numerous mRNAs may be an
indicator of dendritic potentiality. For example, MAP2 (Lindsay et al., 1994) and neurotrophins play a laminar-
specific role in vitro in cortical dendritic arborizationand GAP43 mRNAs were detected at 48 hr in culture.
Between 48 and 72 hr in culture, the relative MAP2 (McAllister et al., 1995). Thus, the appearance of mRNAs
encoding trophic factors and receptors in dendriticmRNA abundance had increased while GAP43 mRNA
levels decreased. The absence of GAP43 protein and growth cones at 24 and 48 hr may reflect the cytostruc-
tural changes that are occurring at this time, such astransient detection of GAP43 mRNA in dendritic growth
cones (GAP43 mRNA was not detected in mature den- branching, pathfinding, and impending synapse forma-
tion. Induction of LTP in hippocampus is associateddrites; K. Miyashiro and J. E., unpublished data) sug-
gests that local translation of GAP43 mRNA in dendritic with increases in BDNF and NT-3 mRNA expression
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Figure 7. Controls for Lipid-Mediated Transfection of Individual Neuronal Processes
(A), (C), (E), phase contrast and (B), (D), and (F), bright field photomicrographs of hippocampal neurons. Arrows point to individual cell bodies
in both views. Several cells are visible in phase (A, C, and E), while there is no DAB staining in the corresponding bright field images (B, D,
and F). There is complete absence of immunolabeling following transfection with just lipid–tRNA (A and B), antisense GSK–myc mRNA (C and
D), and with lipid–mRNA complex pretreated with RNAse (E and F). Scale bar, 50 mm.
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(Patterson et al., 1992), and BDNF mRNA is more promi- the evolution of synaptic connections during dendritic
nent by in situ hybridization in hippocampus in response arborization. In theory, since several mRNAs are present
to kainic acid–induced seizure activity (Dugich-Djord- in growth cones and translation of mRNA can occur
jevic et al., 1992). Furthermore, BDNF and NT3 can in- locally, proteins necessary for growth cone navigation
duce synaptic plasticity in hippocampal neurons, which and dendritic function could be synthesized in response
may require local protein synthesis (Kang and Schuman, to numerous environmental cues.
1996). Thus, a variety of stimuli can affect neurotrophin
mRNA expression, and thus, local translation in growth Experimental Procedures
cones may occur in a dynamic fashion as they guide
dendritic arbors. Neurotrophin receptors on dendritic Tissue Culture
growth cones may serve a critical function in directing Primary dissociated neuronal cultures were generated from embry-
onic rat hippocampi as previously described (Buchhalter anddendritic arborization in the hippocampus. Similarly, the
Dichter, 1991). Pregnant Sprague-Dawley female rats were treatedchemotrophic effects of netrin-1, BDNF, and NT3 could
with CO2 and sacrificed by cervical dislocation. Embryos at gesta-attract axons to form synaptic connections. Finally, syn-
tional day 18 were removed, the brains extracted, and the hippo-thesis of these proteins may occur in response to injury
campi dissected out. Hippocampal tissue was incubated for 20 min
or environmental stresses such as ischemia, seizures, in 10% Dulbecco’s Minimum Essential Medium (DMEM) containing
or excitotoxic injury (Lindvall et al., 1994; Dugich-Djord- 0.027% trypsin at 378C. The hippocampi were washed in HEPES-
jevic et al., 1992) and contribute to plasticity. buffered saline solution and placed in DMEM supplemented with
10% calf serum (Hyclone), 10% Ham’s F12 containing glutamine,Increased intracellular Ca21 levels within axonal
and 50 U/ml penicillin-streptomycin (Sigma). Cells were trituratedgrowth cones occur following administration of A23187
with a Pasteur pipette and plated onto poly-L-lysine coated cov-and results in morphologic alterations (for review, see
erslips in 35 mm petri dishes at 40,000–60,000 neurons per mm.Kater and Mills, 1991) such as growth cone extension
Cultures were maintained in a humidified incubator at 378C with 7%
or collapse (Neely and Gesemann, 1994; Rehder and CO2. After 1 day, the media was partially replaced with one con-
Kater, 1992). A23187 treatment resulted in a significant taining a high external potassium concentration [20 mM] to enhance
increase in relative nestin and trkA mRNA levels and the survival.
premature appearance Ca-N mRNA in dendritic growth
cones. Changes in intracellular Ca21 likely occurred in Immunohistochemistry
Hippocampal neurons at 48 hr in culture were directly immunola-cell bodies, dendrites, and growth cones, and thus, al-
beled with mouse monoclonal antibodies to a internexin (INX, cour-terations in growth cone mRNA could have resulted from
tesy R. Liem), rat nestin (antibody 401, courtesy R. McKay), andthe effects of increased Ca21 at multiple sites in the cell.
MAP2 (AN-14, courtesy L. Binder), and rabbit polyclonal antibodies
While alterations in mRNA levels may have reflected to GAP43. Cells were briefly fixed in 4% paraformaldehyde, washed
transcriptional changes in nestin, trkA, and CaN mRNA in PBS, (pH 7.4) with 0.1% Triton-X, then PBS/0.1% H2O2, and finally,
secondary to increased Ca21, the rapid alteration in rela- preincubated in PBS/2% horse serum. Primary antibody labeling
tive abundance of these mRNAs makes this possibility was performed overnight at 48C. Monoclonal antibodies were pro-
cessed by the peroxidase-antiperoxidase method, while GAP43 wasless likely. Transport of poly(A) mRNA into dendrites
processed with avidin-biotin conjugation method (Vectastain ABCmay result from interaction with microtubules whose
Vector Labs). All immunolabeling was visualized with 3, 39-diamino-polymerization requires the CaMKII substrate MAP2
benzidine.(Bassell et al., 1994). The interactions between Ca21
and calmodulin also play a critical role in growth cone
Microdissection of Growth Conesstability, since disruption of Ca21-calmodulin signaling
and aRNA Amplification
dramatically inhibits axonal outgrowth in Drosophila Cell culture coverslips were transferred to dishes containing physio-
(Van Berkum and Goodman, 1995). Another possibility logic saline solution (HEPES 10 mM [pH 7.4], KCl 120 mM, CaCl2
is that select mRNAs are complexed with RNA binding 0.5 mM, MgCl2 1.0 mM). Growth cones were identified using phase
contrast optical microscopy on the distal aspects of dendrites thatproteins and elevation of Ca21 levels releases them into
were defined morphologically by process thickness and branchingthe growth cone cytoplasm.
pattern (Figure 3), as well as on the basis of MAP2 immunolabelingThe present study uses differential display to render
in adjacent cultures. Single growth cones were dissected from the
a broad view of the complex array of mRNAs localized dendrites of six different neurons each at 6, 24, 48, and 72 hr in
within individual dendritic growth cones. There is an culture. After 72 hr in culture, dendrites and axons begin to make
increase in the mRNA population complexity in associa- synaptic connections and numbers of growth cones substantially
tion with progressive dendritic arborization. The meth- diminish. Because of the differing lengths of neuronal processes,
growth cones extending from the tips of processes of the sameodology to characterize individual bands provides a new
length at each time point were analyzed. Thus, growth cones aspi-approach to identify mRNAs that are differentially en-
rated were between 22 and 26 um, 27 and 33 um, 34 and 37 um,riched in cell bodies versus growth cones and to aid in
and 38 and 42 mm from the cell body at 6, 24, 48, and 72 hr in
determination of targeting sequences or structures of culture, respectively. In addition, several cell bodies from which
individual genes. Differential display of growth cone and growth cones were harvested were also aspirated and processed.
cell body mRNAs demonstrates that sequences may be As a control experiment, cell culture media were aspirated adjacent
detected in growth cones that are of low abundance in to transected growth cones and did not contain mRNA (n 5 3).
Growth cones were transected at the basal point of attachmentcell bodies. It is unlikely that these mRNAs are not pres-
to the dendrite (Figure 2) using recording microelectrodes filled withent at all in cell bodies, since all mRNAs must pass
reagents necessary for single cell mRNA amplification (Eberwine etthrough the cell body en route to dendrites. However,
al., 1992). Reagents included electrode buffer (HEPES buffer 10 mM
if certain mRNAs are rapidly and selectively exported (pH 7.4), MgCl2 1mM, KCl 120mM), oligo-dT(11)-T7 probe, diethyl
to dendrites, low levels may be present in the cell body. pyrocarbonate (DEPC) treated H20, and avian myeloblastosis re-
The autonomous synthesis of proteins within individ- verse transcriptase (0.5U/ul, Seikagaku, America). After transection,
growth cones were gently aspirated into the electrodes and cDNAual dendrites and growth cones adds new intricacy to
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synthesis was performed for 90 min at 408C. Double stranded tem- were washed in 0.53 SSC buffer for 15 min each at room tempera-
ture, air-dried, and apposed to film for 24–48 hr.plate cDNA synthesis was with T4 DNA polymerase I (Boehringer-
Mannheim). cDNA was amplified (aRNA) with T7 RNA polymerase To isolate and further characterize differential display products
identified by hybridization with various probes, the film autoradio-(Epicentre Technologies) incorporating P32CTP as a radiolabel. A
second round of DNA synthesis was performed followed by a sec- graph demonstrating hybridization of the probe to the blot was
placed over the nylon membrane. Small rectangles (approximatelyond aRNA amplification incorporating P32CTP as described pre-
viously (Eberwine et al., 1992; Miyashiro et al., 1994). Radiolabeled 1.0 3 2.0 mm) were dissected directly underneath bands detected
on the film. The polymerase chain reaction (PCR) was performedaRNA was used as a probe for reverse Northern (slot) blot analysis.
on these fragments using conditions identical to those for differential
display. The 59- and the 39-primers used corresponded to the lane
Treatment of Hippocampal Neurons with A23187 from which the band was identified by hybridization. Thirty-five cy-
The Ca21 ionophore A23187 (Molecular Probes) was used to alter cles were performed directly on the nylon membrane fragment and
intracellular Ca21 levels and growth cone morphology. A23187 was then a 5 ml aliquot was removed and used for an additional 35 cycles
dissolved in dimethyl sulfoxide (DMSO) as a 0.1 mM stock solution with fresh PCR reagents.
and added to 2 ml culture dishes (containing cultured neurons) to
a final concentration of 0.75 mM as described previously (Rehder Nestin PCR
and Kater, 1992). Dishes were returned to 378C for 10 min intervals. PCR primers were generated to nestin cDNA z490 bp apart (sense
At each time point, the number of collapsed growth cones per high primer, 59-AGAGGGGAATTCCTGGAG-39 and antisense primer
power field was counted. At 10–15 min, >70% of the growth cones 59-CTGAGGACCAGGACTCTCTA-39) within the 39-protein coding re-
exhibited a collapsed or rounded appearance. While many growth gion and distant from the central a helical domain that bears sub-
cones collapsed completely and thus were not available for analysis, stantial homology to other intermediate filament protein mRNAs.
those growth cones that exhibited a rounded retracted appearance Following an initial denaturation at 938 for 2 min, 30 s, 35 cycles of
in response to A23187 were selected for analysis. 948/1 min; 468/1 min, 30 s; 708/2 min, 30 s were performed with
a final 5 min extension at 728; MgCl2, 2mM. PCR products were
transferred to nylon membranes (Hybond) and probed with 32P dCTPDifferential Display and Gel Transfer Electrophoresis
radiolabeled rat nestin cDNA. Prehybridization and hybridizationDifferential display was performed as described previously on dou-
conditions were as above.ble-stranded template cDNA generated from amplified poly(A)
mRNA (Miyashiro et al., 1994). Reactions were performed in 25 ml
Reverse Northern Blottingvolumes using AmpliWax Gems (#50) to separate the upper and
Reverse Northern (slot) blotting was performed with rat nestin (cour-lower phases. A single polymorphic 59-primer (OPA-5, GGG
tesy U. Lendahl), INX (courtesy R. Liem), GAP43, platelet derivedGTCTTG, 0.4 uM) was used in combination with 8–10 different
growth factor (PDGF), basic fibroblast growth factor (bFGF), netrin-139primers (NNdT11, 0.6 mM). Radiolabeled samples incorporating
(courtesy M. Tessier-Lavigne), low and medium molecular weight32P dCTP were generated in parallel with reactions incorporating
neurofilament (courtesy V. Lee), glial fibrillary acidic protein (GFAP),unlabeled dCTP. Reaction mixtures included dATP, dGTP, and TTP
MAP2, nerve growth factor receptor (NGFR), trk A, trk B, trk C,(200 mM), unlabeled dCTP (200 mM) , 32P dCTP for labeled reactions
neurotrophins 3 (NT3) and 4 (NT-4; courtesy R. Madison), BDNF,(0.5 ml, 3000 Ci/mM), MgCl2 (2.5 mM), AmpliTaq DNA polymerase
connexins 26, 32, and 43 (courtesy D. Paul), ARC (courtesy P. Wor-(1.25 units), and 1 ml heat-denatured double-stranded template
ley), nitric oxide synthase (NOS), protein kinase C (PKC), the L- andcDNA (diluted 1:10 in sterile water). The differential display condi-
N-type Ca21 channels (Ca-L, Ca-N), GAD65, the a 2, 3, 5, and 6tions were as follows: 948/1 min; 408/1 min and 30 s; 728/1 min for
subunits of the GABA-A receptor, potassium channel (KV1), and35 cycles were loaded onto a 6% polyacrylamide/7M urea gel with
CaMKII cDNAs adherent to nylon membranes (Hybond). Blots were13 Tris-borate-EDTA (TBE, pH 7.5) as the running buffer. Unlabeled
probed with 32P radiolabeled aRNA from growth cones and cellsamples were extracted with phenol:chloroform (1:1 v/v) and then
bodies using prehybridization and hybridization conditions de-precipitated with 100% ethanol and 0.5 mg Escherichia coli tRNA.
scribed above for 48 hr. Blots were washed in 23, 13, and 0.53Pellets were resuspended in 5 ml deionized water and loaded onto
SSC, air dried, andapposed to film.Quantification of slot blot autora-the gel.
diograms was performed with a scanning densitometer and phos-Differential display products were transferred to nylon (Hybond)
phorimager (see statistical analyses). Cell body blots, which exhib-membranes utilizing the GeneSweep TE 90 sequencing gel transfer
ited hybridization to GFAP or connexin 43, were deemed glial cellsunit (Hoefer Scientific Instruments, San Francisco, CA). Gels con-
and were not included in the analysis.taining both radiolabeled and nonradiolabeled products were lifted
with Whatman 3M paper moistened with 13 TBE, placed on the
GeneSweep, and then overlaid with nylon membrane (Hybond) and Assay for Local Protein Synthesis
To assess whether translation of mRNA occurs within individuala second piece of 3M paper. The GeneSweep consists of a flat
metal platform (34 3 60 cm, cathode) that passes a continuous growth cones and dendrites, we devised a new system in which
capped mRNA transcribed in vitro was transfected into single den-1.8–2.0 A current through the gel to a platinum-bonded robotic arm
electrode (anode) that sweeps over the gel and nylon membrane. drites. Cell bodies were separated from dendrites identified under
phase contrast microscopy with a glass microelectrode. Transec-Both radiolabeled and unlabeled differential display products were
electrophoresed into the nylon membrane that was vacuum baked tions were made at the point of attachment between the dendrite
and cell body. The cell body was aspirated into the electrode leavingat 808C for 2–4 hr. The transferred radiolabeled blot was then ap-
posed to film to generate an autoradiogram of the differential display the intact dendrite and growth cone adherent to the coverslip. Previ-
ous work has demonstrated that isolated neuritic processes canbands in order to assure reaction efficacy and product transfer. The
radiolabeled bands also served as comparison template for the survive in culture for many hours (Kang and Schuman, 1996; Deck-
werth and Johnson, 1994).unlabeled differential display after probing.
Blots containing nonradioactive differential display products were A pBluescript KS plasmid vector cDNA encoding a 1389-bp glyco-
gen synthase kinase and c-myc tag (GSK3betaS9A or GSK–myc,prehybridized in 63 SSPE, 53 Denhardt’s solution, 50% formamide,
100 mM sodium phosphate, 0.1% SDS, and salmon sperm DNA courtesy V. Lee) was linearized with XbaI, treated with Proteinase
K (100 mg/ml) and SDS (0.5%) at 508C for 45 min to remove RNAses,(200 mg/ml) for 4–6 hr at 428C. In an attempt to identify real versus
artifactual differentially displayed bands, unlabeled blots were phenol–chloroform extracted, and ethanol precipitated. Capped
GSK–myc mRNA was transcribed in vitro using a T3 RNApolymeraseprobed with random primed 32P dCTP radiolabeled differential dis-
play products (identical to those on the gel) for 48 hr at 428C in the promoter and then assayed on a 1% agarose denaturing gel to
determine appropriate size and purity.above hybridization solution. Furthermore, linearized cDNAs such
as that encoding ARC, nestin, and GAD were also random primed Cultured hippocampal neurons at 48 and 72 hr in culture were
transfected with the cationic lipid DOSPER (1,3-Di-Oleoyloxy-2-(6-incorporating 32P dCTP and used as probes to identify individual
bands in a separate set of experiments. After hybridization, blots Carboxy-spermyl)-propyl-amid; Boerhinger-Mannheim) that can be
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used in serum-containing or serum-free media. Carrier tRNA (5 mg) Buchhalter, J., and Dichter, M. (1991). Electrophysiologic compari-
son of pyramidal and stellate nonpyramidal neurons in dissociatedwas included in all lipid–mRNA mixtures. Various concentrations
of lipid reagent were used (0.5–20 mg), but ratios of lipid:carrier hippocampal cell cultures of rat hippocampus. Brain Res. Bull. 26,
333–338.RNA:mRNA were similar to those previously reported (Malone et al.,
1989) and the total RNA per sample was z10 mg. The GSK–myc Burgin, K., Waxham, M., Rickling, S., Westgate, S., Mobley, W.,
mRNA was allowed to complex with the DOSPER mixed in at room and Kelly, P. (1990). In situ hybridization histochemistry of Ca21/
temperature for 20 min prior to use in HEPES buffered saline (HEPES calmodulin dependent protein kinase in developing rat brain. J.
20 mM, NaCl 150 mM). Transfections were performed in serum-free Neurosci. 10, 1788–1798.
balanced salt solution (HEPES buffer 250 mM (pH 7.4), MgCl 1 mM,
Caceres, A., Banker, G., Steward, O., Binder, L., and Payne, M.KCl 50 mM). Because of neurotoxicity associated with lipid transfec-
(1984). MAP2 is localized to the dendrites of hippocampal neuronstions, we devised a new strategy in which the lipid–mRNA complex
in culture. Dev. Brain Res. 13, 314–318.was applied directly onto single transected dendrites with a re-
Davis, L., Banker, G., and Stewart, O. (1987). Selective transport ofcording microelectrode. Approximately 10 ml of the lipid–mRNA was
RNA in hippocampal neurons in culture. Nature 330, 477–480.gently applied onto the transected dendrites and growth cones over
5 min. Then, since recent work has suggested that protein synthesis Deckwerth, T., and Johnson, E. (1994). Neurites can remain viable
within neuritic processes may be enhanced by application of BDNF after destruction of the neuronal soma by programmed cell death
and NT3 (Kang and Schuman, 1996), either BDNF or NT3 (100 ng/ (apoptosis). Dev. Biol. 165, 63–72.
ml) were added to culture coverslips immediately following the lipid–
Dotti, C., Sullivan, C., and Banker, G. (1988). The establishment of
mRNA. Cultures were returned to the incubator for 1,3, 4, or 5 hr. polarity by hippocampal neurons in culture. J. Neurosci. 8, 1454–
Cultures werethen washed with PBS, fixed in 4% paraformaldehyde,
1468.
and processed for immunohistochemistry as above using the peri-
Dugich-Djordjevic, M., Tocco, G., Willoughby, D., Najm, I., Pasinetti,oxidase-antiperoxidase method.
G., Thompson, R., Baudry, M., Lapchak, P., and Hefti, F. (1992).Several control experiments were performed to determine speci-
BDNF mRNA expression in the developing rat brain following kainicficity of the immunohistochemistry including omission of mRNA or
acid induced seizure activity. Neuron 8, 1127–1138.the c-myc antibody, treatment with protein synthesis inhibitors
(cycloheximide 30 mM) or bovine RNAse (2 units) for 30 min at 378C, Eberwine, J., Yeh, H., Miyashiro, K., Cao, Y., Nair, S., Finnell, R.,
and transfections with either antisense (transcribed with T7 RNA Zettel, M., and Coleman, P. (1992). Analysis of gene expression in
polymerase promoter) or double-stranded mRNA (see Results). single live neurons. Proc. Natl. Acad. Sci. (USA). 89, 3010–3014.
Eberwine, J., Crino, P., and Dichter, M. (1995). Single cell mRNA
Data and Statistical Analysis amplification: implications for basic and clinical neuroscience. The
Densitometric quantitation of hybridization intensity was performed Neuroscientist 54, 155–165.
on a phosphorimager and densitometer (Molecular Dynamics, Im- Fliegner, K., Kaplan, M., Wood, T., Pintar, J., and Liem, R. (1994).
ageQuant 3.3 software). Relative abundance values for each cDNA- Expression of the gene for the neuronal intermediate filament protein
aRNA hybrid wereachieved by subtracting nonspecifichybridization internexin coincides with the onset of neuronal differentiation in the
to Bluescript vector cDNA and then expressing the specific hybrid- developing rat nervous system. J. Comp. Neurol. 342, 161–173.
ization intensity as a percentage of CaMKII hybridization intensity
Garner, C., Tucker, R., and Matus, A. (1988). Selective localization(set arbitrarily as 100%). Hybridization levels less than those of
of messenger RNA for cytoskeletal protein MAP2 in dendrites. Na-vector cDNA represented absence of an individual mRNA. CaMKII
ture 336, 374–377.was chosen as an internal standard, because it exhibited consis-
Goodman, C., and Shatz, C. (1993). Developmental mechanismstently strong hybridization intensity at each time point analyzed
that generate precise patterns of neuronal connectivity. Cell/Neuron.and from a biological perspective, has been previously identified in
72/10 (Suppl.), 77–98.dendrites (Burgin et al., 1990). Levels of hybridization intensity were
deemed high if >75% CaMKII, medium if between 50%–75%, and Hockfield, S., and McKay, R. (1985). Identification of major cell
low if <50%. Because of the quantitative nature of aRNA amplifica- classes in the developing mammalian nervous system. J. Neurosci.
tion (Eberwine et al., 1992), levels of hybridization intensity reflect 5, 3310–3328.
relative abundance of individual mRNAs. Relative levels for each
Johnson, G., and Jope, R. (1992). The role of microtubule associatedmRNA were grouped at 6, 24, 48, and 72 hr in culture (n 5 6 growth
protein 2 (MAP-2) in neuronal growth, plasticity and degeneration.cones per time point) and at 48 hr when comparing growth cones
J. Neurosci. Res. 33, 505–512.treated or not with A23187. One way analysis of variance (ANOVA)
Kang, H., and Schuman, E. (1996). A requirement for local proteinwas performed between time period groupings to evaluate differ-
synthesis in neurotrophin induced hippocampal synaptic plasticity.ences in relative abundances accepting p<0.05.
Science 273, 1402–1406.
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